The order Scorpiones is one of the most cytogenetically interesting groups within Arachnida by virtue of the combination of chromosome singularities found in the 59 species analyzed so far. In this work, mitotic and meiotic chromosomes of 2 species of the family Bothriuridae were detailed. This family occupies a basal position within the superfamily Scorpionoidea. Furthermore, review of the cytogenetic data of all previously studied scorpions is presented. Light microscopy chromosome analysis showed that Bothriurus araguayae and Bothriurus rochensis possess low diploid numbers compared with those of species belonging to closely related families. Gonadal cells examined under light and in transmission electron microscopy revealed, for the first time, that the Bothriuridae species possess typical monocentric chromosomes, and male meiosis presented chromosomes with synaptic and achiasmatic behavior. Moreover, in the sample of B. araguayae studied, heterozygous translocations were verified. The use of techniques to highlight specific chromosomal regions also revealed additional differences between the 2 Bothriurus species. The results herein recorded and the overview elaborated using the available cytogenetic information of Scorpiones elucidated current understanding regarding the processes of chromosome evolution that have occurred in Bothriuridae and in Scorpiones as a whole.
The order Scorpiones is under constant investigation regarding the taxonomic classification and phylogenetic relationships of its higher taxa (Soleglad and Fet 2003; Fet and Soleglad 2005; Prendini and Wheeler 2005) . Recent morphological cladistic analyses grouped the approximately 1500 scorpion species into 6 superfamilies and 14 families (Soleglad and Fet 2003; Fet and Soleglad 2005 ). An overview of chromosome data showed that scorpions have been sporadically studied from a cytogenetic viewpoint and around 60 species belonging to 9 families have been examined so far (Supplementary Table 1) .
Karyotypical information of Scorpiones has revealed an extraordinary variation in diploid numbers (from 2n 5 5 to 2n 5 175), which has not been registered in any other taxon within Arachnida. Buthidae, the most basal family of Scorpiones (Soleglad and Fet 2003) , retains the majority of the cytogenetically described representatives (Supplementary Table 1 ) and shows a predominance of low diploid number, 2n 5 24, and holocentric chromosomes. These features contrast with the cytogenetic data recorded for the other 8 families analyzed, in which the diploid numbers are frequently high and chromosomes were classified as monocentric (Supplementary Table 1) .
Scorpions also exhibit some other unusual cytogenetic peculiarities, like achiasmatic male meiosis, which seems to occur in representatives of almost all the families studied. Additionally, remarkable inter-and/or intraspecific variation of diploid numbers in some genera and species (Supplementary Table 1 ), heterozygous interchange rearrangements in Buthidae, and centric fusions or fissions and inversions in Urodacidae were observed. Most cytogenetic studies involving Scorpiones were performed using standard chromosome staining, with the exception of the investigations by Shanahan (1989a Shanahan ( , 1989b and Shanahan and Hayman (1990) , where they characterized the chromosomes of some Buthidae and Urodacidae, determined the synaptic behavior of the chromosomes involved in rearrangements, and established the kinetic nature of chromosomes (holocentric or monocentric) using synaptonemal complex (SC) analysis.
The distinction between holocentric and monocentric chromosomes is commonly based on indirect criteria, such as the configuration assumed by chromosomes during segregation and the presence of primary constriction, which cannot be easily visualized in small-sized chromosomes (Wolf 1996) . However, ultrastructural observation of the chromosomes frequently permits identification of the kinetochore (Shanahan and Hayman 1990; Sherman and Stack 1992; Herickhoff et al. 1993; Villagómez 1993) . The kinetochore is a highly differentiated proteinaceous structure that functions as an attachment site for spindle microtubules required for movement of the chromosomes during mitosis and meiosis. Depending on the type of chromosome, whether monocentric or holocentric, the kinetochore may occupy a small or large region on the chromosome surface (Zinkowski et al. 1991; Farr 2004; Guerra et al. 2006) . Thus, knowledge regarding the real length of the kinetochore can facilitate more precise identification of the different types of chromosomes and elucidation of their evolutionary relationships.
In the present work, a detailed cytogenetic study of the mitotic and meiotic chromosomes of 2 Bothriuridae species was realized. This family is in a basal position within the superfamily Scorpionoidea (Prendini 2000; Soleglad and Fet 2003) , and only Bothriurus araguayae (2n 5 44) and an unidentified species of the same genus (2n 5 36) have been chromosomally characterized (Piza 1947; Ferreira 1968) . In these 2 species, the occurrence of monocentric or holocentric chromosomes has not been definitively confirmed. In this work, the chromosomes of B. araguayae and Bothriurus rochensis were investigated by light microscopy (LM) and transmission electron microscopy (TEM) to determine their diploid number and chromosomal morphology, the nucleolar organizer region (NOR) and constitutive heterochromatin distribution pattern, the ATand GC-rich chromatin regions, the synaptic behavior of the chromosomes, the length of the kinetochore, and the types of chromosomal rearrangements. All these features and the compilation of the chromosome data of Scorpiones were discussed to further clarify the process of chromosome evolution within Bothriuridae.
Materials and Methods
The samples comprised of 9 adult individuals of B. araguayae (5 males from Cananéia, 25°00#S, 47°55#W, and 3 males and 1 female from Rio Claro, 22°24#S, 47°33#W, State of São Paulo, Brazil) and 4 adult individuals of B. rochensis (2 males and 2 females, from Minas, 34°22#S, 55°13#W, Province of Lavalleja, Uruguay). The vouchers were deposited in the arachnological collection of the Laboratório de Artrópodes, Instituto Butantan, State of São Paulo, Brazil. The gonads were dissected in insect saline solution (128.3 mM NaCl, 16.7 mM Na 2 HPO 4 , 19.9 mM KH 2 PO 4 ), and the testes were divided into 2 parts. One part was used for LM preparations, according to Webb et al. (1978) ; the other was submitted to technique of cell microspreading to visualize the SCs and associated structures in TEM, following Loidl and Jones (1986) . Alternatively, to avoid cell loss, some LM chromosome preparations of B. araguayae were realized by the aceto-orcein squash method. The ovaries were only submitted to the procedure described by Webb et al. (1978) . Standard chromosome spreads were stained with 3% Giemsa solution (3% of commercial Giemsa and 3% of phosphate buffer, pH 6.8, in distilled water) for 15 min. The NORs and constitutive heterochromatin distribution pattern were determined using silver nitrate impregnation (Howell and Black 1980) and C-banding techniques (Sumner 1972) , respectively. To verify the AT-and GC-rich chromatin regions, some cytological preparations were stained with the fluorochromes 4#-6-diamidino-2-phenylindole (DAPI) and chromomycin A 3 (CMA 3 ) and counterstained with distamycin A (DA), according to Schweizer (1980) . The cell microspreading samples were silver-impregnated (Kodama et al. 1980) . The chromosomes were morphologically classified according to the nomenclature proposed by Levan et al. (1964) . LM analyses were performed under a Zeiss photomicroscope or a Leica fluorescence photomicroscope, using Imagelink HQ microfilm (Kodak, Rochester, NY) or T-Max 100 film (Kodak), respectively. Ultrastructural analyses were realized in a Philips CM 100 TEM operated at 80 kV, and the data were recorded on 4489 film plates (Kodak).
Although the testes of all individuals were used to obtain cell microspreading, only one male of both B. araguayae and B. rochensis showed prophase I cells. One pachytene cell of B. araguayae and 9 of B. rochensis were measured to determine the total and relative length of the SCs, long and short arms, and kinetochores. The SCs that presented a discontinuous region were not included in the measurements. Statistical analysis was realized following Sherman and Stack (1992) . The relative length of the bivalent SC and kinetochore were expressed as percentages of the SC total length of each cell. The coefficient of variation (CV 5 standard deviation divided by the mean and multiplied by 100) of the kinetochore relative length was calculated. All the measurements were determined using the Image J software (Image Processing and Analysis in Java), developed by Research Services Branch of the US National Institute of Mental Health.
Results

Bothriurus araguayae
Two males and 1 female from Rio Claro only exhibited mitotic cells, whereas 1 male from Rio Claro and 5 from Cananéia only presented meiotic cells. Mitotic metaphases of B. araguayae showed 2n 5 42, chromosomes with primary constrictions, and absence of differentiated sex chromosomes ( Figure 1A ,B). One male and 1 female revealed chromosomes gradually decreasing in size, predominantly subtelocentric, with the exception of submetacentric pairs 5, 6, 8, 9, 13, and 19 and metacentric pairs 17 and 21 ( Figure 1A ). Another male showed similar chromosomal features, but size and morphological heteromorphisms of pairs 3, 5, and 21 were observed ( Figure 1B ). In pair 3, one element, clearly the largest of the complement, was metacentric and the other, similar in size to the second pair, was subtelocentric. The chromosomes of pair 5 showed a slight difference in size and a morphological heteromorphism of the metasubmetacentric type. In pair 21, only size heteromorphism was observed: One element was similar in size to pair 20, and the other was extremely small.
Pachytene spermatocytes of the 5 individuals from Cananéia exhibited 21 double filaments and the absence of differentially stained or condensed structure ( Figure 1C ). Diplotene cells showed 21 bivalents with chromosomes arranged in parallel disposition and with no evidence of chiasmata ( Figure 1D ). Analysis of these prophase I cells proved that the chromosome number of the males from Cananéia was in agreement with that encountered in the mitotic cells of the individuals from Rio Claro. In the male from Rio Claro, 19 typical bivalents plus 1 multivalent were observed at diplotene ( Figure 1E ). The number of chromosomes involved in the multivalent association could not be determined by LM analysis; however, TEM investigations of prophase I cells were very useful for interpreting this rearrangement.
The ultrastructural descriptions of the prophase I nuclei of B. araguayae were only based on the male from Rio Claro that presented the multivalent association. In late zygotene, axes with variable degrees of synapsis were noticed (Figure 2 ). Discontinuous axial and lateral elements were also observed, making it difficult to determine the number of SCs. In pachytene, the total assembly of the lateral elements was observed, permitting visualization of the SCs over their entire length. Careful examination of 3 pachytene nuclei showed 19 SCs, which corresponded to completely synapsed bivalents. In association with the lateral elements of each SC, a prominent electron-dense structure identified as a kinetochore was observed. Both terminal regions of the lateral elements also appeared more electron-dense than along their entire length ( Figure 3A) . In addition to 19 SCs, 4 discontinuous SCs were visualized, exhibiting the following features: 1 SC without a kinetochore on its lateral elements, 1 SC with one kinetochore on each lateral element, and 2 SCs with 1 kinetochore on only 1 lateral element. Moreover, the lateral elements of these 4 SCs showed only 1 electron-dense terminal region rather than 2 ( Figure 3A) . The 4 SCs with distinct features were recognized as components of the multivalent association previously verified in diplotene cells investigated under LM. Comparison between the results obtained using LM and TEM analyses permitted the interpretation that the multivalent association observed in 1 individual of B. araguayae was formed by 4 chromosomes. Furthermore, this multivalent association was probably the consequence of a heterozygous translocation, involving the entire arms of 2 nonhomologous chromosomes, as shown in Figure 3B ,C. The discontinuity of the 4 SCs was attributed to regions of axial elements that joined the SCs of the rearranged chromosomes (Figure 3) .
Measurements realized on the pachytene SCs showed that the morphology of the chromosomal elements that were not included in the interchanges was similar to that observed in mitotic chromosomes of 3 other B. araguayae individuals. Furthermore, the measurements performed on the axial elements of the translocated chromosomes revealed that they were heteromorphic in both size and morphology. Similar heteromorphism was initially described for the mitotic chromosomes of another male. However, between the 2 individuals, a difference occurred concerning the number of heteromorphic chromosomes, in this case, 4 or 6 elements. Finally, the ultrastructural study of the pachytene cells showed that the kinetochores occupied 7.4% (CV 5 13.03) of the total length of the SCs.
Of all the techniques used to highlight specific chromosomal regions in B. araguayae, only the silver impregnation provided satisfactory results and revealed 6 NORs located on 3 chromosome pairs, specifically on the short-arm terminal region of pairs 1, 4, and 9 (Figure 4 ). In the sample examined, up to 4 NORs per cell had been active.
Bothriurus rochensis
Analysis of mitotic cells of B. rochensis determined 2n 5 46 for male and female and the absence of identifiable sex chromosomes ( Figure 5A ). The karyotype was composed of monocentric chromosomes that gradually decreased in size and showed submetacentric (pairs 1, 6-7, 11-13, 21-23), metacentric (2-5, 8-10), and subtelocentric (14-20) morphology. The morphology of the smallest chromosome pairs was only determined by measurement realized on SCs. Pachytene spermatocytes investigated under LM exhibited 23 double and isopycnotic filaments ( Figure 5B) . In diplotene cells, 23 bivalents were observed, with chromosomes in a parallel alignment ( Figure 5C ). Metaphase II spermatocytes showed n 5 23, suggesting regular chromosome segregation during anaphase I ( Figure 5D ).
Late zygotene nuclei examined in TEM showed that in certain bivalents the axial elements exhibited only terminal association ( Figure 6A ). Pachytene cells showed 23 welldefined SCs ( Figure 6B ). In some nuclei, 1 or 2 SCs presented a gap along their length. The occurrence of kinetochore and nucleolar material was also observed in association with the SCs (Figure 6B-E) . The kinetochores possessed constant size in all the bivalents and corresponded to 5.4% (CV 5 7.00) of the total length of the SCs. The nucleolar material was always associated with the terminal region of one medium (9) or small-sized (18 or 22) bivalent. These results indicated that B. rochensis presented 3 NOR carrier pairs (9, 18, and 22) .
In silver-impregnated mitotic cells of male and female B. rochensis, only 4 NORs were observed, occurring on the shortarm terminal region of pairs 18 and 22 ( Figure 7A,B) . Although many chromosome preparations were submitted to the C-banding and base-specific fluorochrome staining techniques, the constitutive heterochromatic regions and AT-rich chromatin regions were only visualized in metaphase II and pachytene spermatocytes, respectively. A tenuous block of constitutive heterochromatin was observed in the pericentromeric region of the subtelocentric and submetacentric chromosomes and in the long-arm terminal region of certain submetacentric chromosomes ( Figure 7C ). Bright DA/DAPI labeling was verified in the terminal region of 2 bivalents, one small and the other medium sized ( Figure 7D ). When the same cells were analyzed using CMA 3 /DA fluorochromes, the chromosomes were homogeneously stained with no bright region. 
Discussion
Bothriuridae, a family whose representatives are predominantly located in nontropical South America, possesses 135 taxonomically identified species (Fet et al. 2000; Soleglad and Fet 2003) ; nevertheless, chromosomal information are restricted to brief descriptions of the diploid number of only 2 species (Piza 1947; Ferreira 1968 ). This paper reports, for the first time, the occurrence of typical monocentric chromosomes in bothriurids based on the presence of primary constriction in chromosomes observed under LM and the small size of the kinetochore in SCs visualized in TEM. In the SCs of B. araguayae and B. rochensis, the kinetochore corresponded to 7.4% and 5.4% of the chromosome total length, respectively. Unfortunately, comparison of this result with that of other scorpions cannot be made because this type of study was originally performed here. In the ultrastructural analyses of prophase I nuclei of scorpions of the families Buthidae and Urodacidae, Shanahan and Hayman (1990) only reported the presence or absence of kinetochores and made no mention of their size. The values for kinetochore length obtained by our group are low when compared with those of certain Lepidoptera and Trichoptera species, which presented around 40% of the chromosome surface covered by the kinetochore (Gassner and Klemetson 1974; Wolf et al. 1992 ). According to Wolf et al. (1992) and Wolf (1996) , representatives of these 2 groups of insects that were believed to possess holocentric chromosomes actually have chromosomes in an intermediate stage between holocentric and monocentric.
Additionally, the present results showed that chromosomes with a localized centromere are a shared character among species of all 4 families belonging to Scorpionoidea. This feature could also be exclusive to the species included in this superfamily, considering that monocentric chromosomes were not registered in any other cytogenetically examined taxa of Scorpiones. However, additional chromosome analysis should be realized to confirm this latter hypothesis.
Generally in Scorpiones, diploid numbers are extremely variable among the species of a same family (Supplementary  Table 1 ), making it difficult to establish a pattern for each group. Among the 9 families already investigated, the only remarkable difference refers to the occurrence of low diploid numbers in Buthidae (2n 5 5 to 2n 5 56), contrasting with the predominance of high diploid numbers in Caraboctonidae (2n 5 ±100), Bothriuridae (2n 5 36 to 2n 5 46), Liochelidae (2n 5 54-64), Scorpionidae (2n 5 60 to 2n 5 120), Urodacidae (2n 5 29 to 2n 5 175), Chactidae (2n 5 50), Euscorpiidae (2n 5 70-84), and Vaejovidae (2n 5 ±100). Heteromorphic sex chromosomes seem to be absent in all scorpion species. The only report of a sex chromosome system was made by Srivastava and Agrawal (1961) in Heterometrus longimanus (Scorpionidae). The presence of XY/XX sex chromosomes in this species was probably a misinterpretation, taking into account that the authors mentioned that the chromosomal preparations were not of good quality and that in male meiosis no obvious sex chromosomes were visualized.
Similar to almost all the families of cytogenetically examined scorpions, in which there was a considerable inter-and/or intraspecific range of chromosome numbers (Supplementary Table 1) , the results obtained here showed that within genus Bothriurus diploid number variability also occurs. The 3 studied Bothriurus species exhibited distinct karyotypes, which could have originated during events of chromosome fission or fusion. In Scorpiones, interspecific differences in chromosome morphology have been reported only occasionally (Shanahan 1989b) , probably due to the lack of analyses concerning this chromosomal aspect. Divergence in relation to the morphology of the majority of the chromosome pairs herein recorded for B. araguayae and B. rochensis indicates that pericentric inversions could have occurred during karyotype evolution of this genus.
In B. araguayae, intraspecific differences in diploid number (2n 5 44 described by Ferreira (1968) and 2n 5 42 observed here) or chromosome size and morphological heteromorphisms involving 6 or 4 elements were observed. Centric fusion and fission are the most plausible mechanisms for explaining such changes in chromosome number verified between the sample of B. araguayae studied by our group from Rio Claro and Cananéia and that analyzed by Ferreira (1968) from Rio Claro. Heterozygous translocations between entire arms of bi-armed chromosomes most likely promoted the chromosome size and morphological heteromorphisms observed in the individuals with 2n 5 42. Analysis of pachytene microspreading in TEM of the male carrier of the quadrivalent association revealed that the translocated chromosomes possessed synaptic regions, which were strongly related to the homologous chromosome arms. Moreover, the lateral elements of the 3 large translocated chromosomes exhibited some discontinuous regions. According to Bogdanov et al. (1986) , these regions are probably the result of chromosome stretching and occur due to the attachment of translocated chromosomes at distant points of the nuclear envelope.
Chromosomal rearrangements, mainly those present in heterozygous condition, have frequently been indicated as a cause of reduced fertility in certain groups of animals due to meiotic problems (see Fossey et al. 1989; Kingswood et al. 1994) . However, the harmful effects of heterozygous rearrangements on fertility can be diminished whether unbalanced gametes are eliminated by meiotic drive or the frequency of chromosome recombination is decreased (Reed et al. 1992a (Reed et al. , 1992b Kingswood et al. 1994) . Within the Arachnida, only Scorpiones seems to show whole families with achiasmate meiosis. This data permitted the inference that achiasmatic male meiosis is a synapomorphic feature for this group.
Due to difficulty of visualizing meiotic cells in the chromosome preparations of females, in B. araguayae and B. rochensis, as in other scorpions, the lack of chiasmata was only established in male meiosis. In both species studied here, although meiosis is achiasmatic, the ultrastructural study of pachytene nuclei revealed that the SCs are formed and maintained throughout prophase I. In certain species of other animal groups that exhibit achiasmatic meiosis, such as Turbellaria and Diptera, SCs can degenerate in the pachytene or be totally abolished (Procunier 1975; Oakley 1985) . Currently, various explanations exist regarding the evolutionary significance of the achiasmate meiosis. After observing the absence of crossing over in male meiosis and low frequency of chiasmata in oocytes of some Parachela species, Altiero and Rebecchi (2003) proposed that selection for a low level of recombination could occur. Ituarte and Papeschi (2004) postulated that the lack of chromosome recombination could preserve certain allelic combinations, which can be coadapted and function as supergenes. Nokkala S and Nokkala C (1983) suggested that the reduction of recombination is only a secondary effect, the result of a mechanism by which regular segregation of homologous chromosomes was achieved. In Scorpiones, all the aforementioned proposals could explain the origin of achiasmate male meiosis, but only the last one justified the occurrence of both achiasmate meiosis and the high level of heterozygous chromosome rearrangements.
Descriptions regarding specific chromosomal regions are scarce among scorpions. The only reports concerning monocentric chromosomes referred to the constitutive heterochromatin distribution pattern in 6 representatives of Urodacus (Urodacidae). In these species, a positive C band was visualized in the centromeric region of the majority of the chromosomes (Shanahan 1989b ). In the Bothriurus species examined, use of the C-banding technique only revealed tenuous blocks of constitutive heterochromatin in some chromosomes of B. rochensis and a lack of C bandpositive regions in the chromosomes of B. araguayae. These results indicated that in these 2 species, the quantity of constitutive heterochromatin is probably small and difficult to observe. An additional methodology used to reveal heterochromatin, base-specific fluorochrome staining, also showed tiny AT bright regions in the pachytene bivalents of B. rochensis only. In the other phases of division, these labeled regions were not observed, most likely because of the high degree of chromosome condensation.
AT-rich heterochromatic regions seemed to be adjacent to or interspaced with 4 of the 6 NORs identified in B. rochensis. In some groups of animals that possess chiasmatic meiosis, evidence exists that the heterochromatic regions could alter the frequency of recombination (John 1990 ). In scorpions, heterochromatin associated with the NORs could have a function in the regulation of genetic expression, as observed in grasshoppers (Arnold and Shaw 1985; Cabrero et al. 1986) , or could facilitate the increase in the number of ribosomal DNA genes copies, as suggested by Fujiwara et al. (1998) for certain fishes. Alternatively, it could contribute to conserving the integrity of the ribosomal cistrons, considering 2 relevant aspects: The AT-rich regions are related to the chromosome structure and are less susceptible to breakage (Sumner 2003) ; in Scorpiones, genetic variability is usually attributed to a high incidence of chromosomal rearrangements (Shanahan 1989b) .
The NOR distribution patterns in B. araguayae and B. rochensis were similar regarding the number of pair carriers of ribosomal cistrons and the presence of silver impregnation on pair 9. For this reason, NORs on pair 9 may represent a conserved pattern shared among species of the genus Bothriurus. Establishing a basic pattern of NOR distribution in other Bothriuridae species could provide greater resolution regarding the processes involved in the chromosome differentiation of this family.
In conclusion, the results obtained in this work elucidated the chromosomal characteristics and rearrangements involved in chromosome differentiation of the Bothriurus species. Additionally, comparative analysis realized on the chromosome data reported for the 9 families of Scorpiones (Supplementary Table 1 ) and the last phylogenetic relationships proposed for the group (Soleglad and Fet 2003) made it possible to ascertain a general view of the trends of chromosome evolution within the order. Considering that low diploid numbers were restricted to Buthidae, the most basal family cytogenetically investigated, and that in Opiliones, the sister group of Scorpiones according phylogenetic analysis (Shultz 2007) , low chromosome numbers seem to be the basal condition, we suggest that chromosome differentiation in Scorpiones probably occurred through an increase in the diploid number. This trend of chromosome evolution is also found within the superfamily Scorpionoidea because the basal family Bothriuridae exhibited lower diploid numbers than those registered for the families Liochelidae, Scorpionidae, and Urodacidae. A more detailed investigation regarding the chromosomes of scorpions is still required to clarify the evolutionary process within and between the families.
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